Abstract Snowmelt and runoff in urban areas in Luleà, north Sweden, are discussed and compared with rural conditions. The uneven snow distribution in cities is quantified. Energy fluxes at the snow surface in different environments are estimated. It is shown that, mainly because of increased absorbed radiative energy in the snow, the daily melt is about 10 mm higher in the city than in rural environments. In the course of prolonged snowmelt, the infiltration capacity of most soils in urban areas becomes so reduced that melt-induced peak flows from grassed and gravelled surfaces are similar to those from asphalted surfaces. When rain falls on snow, overland flow may take place from the entire area of a basin.
INTRODUCTION
Investigations of urban hydrology have concentrated on runoff response to rainfall. However, flooding is observed every year during snowmelt in urban environments in Scandinavia, Canada and northern USA. Flooding is not as much a consequence of high melt intensities as of changed soil conditions and changed water pathways compared to runoff conditions when snow is not present.
The reason that snow has received little interest in urban hydrologicai research is probably because melt intensities are much lower than rain intensities, and because processes controlling snowmelt are the same in urban as in rural basins. However, for snow, as for rain, there are differences between the Open for discussion until 1 December 1992 processes and factors that control runoff in urban and rural basins. Also, the runoff conditions in a city are different in winter compared to summer.
Most of the urban snow hydrology studies which have been reported are from Luleâ, Sweden, e.g. Bengtsson (1983) and Westerstrôm (1984) , and from Peterborough, Ontario, e.g. Taylor (1982) and Buttle (1990) . Buttle & Xu (1988) reviewed the literature on snowmelt runoff in urban environments. Taylor (1982) showed that urbanization resulted in large increases of runoff during spring but not in other seasons. Westerstrôm (1984) found that the runoff in spring from an urban basin was mainly due to contributions from grass and gravel surfaces.
The conditions within an urban area are heterogeneous. The snow is unevenly distributed when it falls on the ground because of turbulent conditions and lee effects near buildings. The snow is subsequently redistributed by man. The streets and large parts of central areas are cleared of snow. Within a city there are spatial variations in energy fluxes over the snowpack. Some areas are more exposed to sunshine than others. Snow near buildings and near snow-free surfaces receives longwave radiation from the buildings and the bare surfaces. The snow surface in some parts of the city and especially near roads and streets, is polluted and dusty, which means that the snow albedo is lowered so that the snow reflects less of the incoming solar radiation. There may also be small differences in air temperature within a city. All of the factors mentioned contribute to spatial variations in snowmelt runoff.
The runoff induced by rainfall is quick runoff from paved surfaces and roofs. In the winter many of the paved surfaces are free from snow. Thus, during snowmelt, the paved area contributing to runoff is reduced. Instead, runoff may take place from surfaces that are pervious during summer but not during snowmelt, when the ground is frozen and/or very wet. The total area contributing to quick runoff is larger than for summer storms, at least if rain falls on snow so that snow-free areas also contribute to runoff.
In this paper, based on observations in Luleâ in northern Sweden, snowmelt conditions in urban and rural environments are discussed. Most of the data have been presented in internal engineering reports and partly by Bengtsson (1983) and Westerstrôm (1984) , but not in synthesized form. Snowmelt and runoff intensities are given in this paper and the changing runoff conditions in a city during snowmelt are analysed.
SNOW DISTRIBUTION
In urban areas the snow is removed from streets, front yards and parking lots and piled up near snow-free surfaces. Large amounts of snow are transported away from downtown areas to special city snow dumps. From investigations in Luleâ, Sweden, during the winters of 1978-1980 it was found that, in late winter but prior to any snowmelt, about 50% of an urban residential area was covered with almost untouched snow, 25% was free from snow (viz. streets and steep sloping roofs), 10% of the surfaces had reduced snow cover (roofs with mild slope), and on 15% of the area large amounts of snow had been piled up. In all three years, about 35% of the area was free from snow prior to the onset of runoff. In a subsequent detailed investigation, Westerstrôm (1984) observed 32% of the area to be snow-free when snowmelt began in 1983. In general in urban areas, streets and roofs which are not flat are free from snow when significant runoff begins.
The snow distribution in an 800 000 m 2 area in downtown Luleâ was surveyed in March 1979. The observed distribution is summarized in Table 1 . More than 20% (20 000 tonnes) of the 115 mm total snow precipitation was transported away from the city. In the previous two years, almost all snow was transported away ( Table 2 ). The amount of snow piled up within the downtown area in 1979 was estimated to be 50 000 m 3 water equivalent. Of the downtown area 83% was free from snow. Snow piles constituted 11% of the area, and 6% was almost untouched snow. To what extent snow is transported away from downtown areas depends on how the cities are built, but also on how much money is allocated for snow handling. From a brief survey among Swedish city engineers in ten cities of 6000-90 000 inhabitants, it was found that snow is transported out of the cities from about 10% of the city area. Few cities could show statistics on how much snow actually had been transported away. Data on transportation of snow for three rather small Swedish cities are given in Table 2 .
THE SNOWMELT PROCESS
The snowmelt rate is determined by the net energy flux to the snowpack (Anderson, 1968; Male & Granger, 1979) . The melt is the result of net radiative heat inputs to the snowpack and sensible and latent heat fluxes. In dense forests the snowmelt is largely controlled by longwave radiation and thus by air temperature (Bengtsson, 1976) . In deciduous forests the melt rate is determined by the net radiation balance of the snowpack. Hendrie & Price (1979) found that the balance could be related to the net shortwave radiation above the canopy. In urban areas melt seems to be dominated by net radiation fluxes even in open areas (Westerstrom, 1981) . This means that the value of the snow albedo is crucial for the melt rate, as is the longwave radiation emitted from different surfaces within the city.
SHORTWAVE RADIATION
The incoming solar radiation is slightly lower in a city than in rural environments because of impurities and more clouds in the atmosphere above the city (Rouse et al., 1973) , but the difference is minor. However, because of impurities in the snow and the fact that much of the snow-covered area is not left untouched, the snow albedo is lower in the city than in the country. Outside a city the albedo of snow the day after it has fallen is about 0.75-0.80. At the onset of melt, the albedo falls rather fast to 0.6 and reduces further within a week to about 0.4 (US Corps of Engineers, 1956 ). For shallow (less than 0.25 m) prairie snowpacks, O'Neil & Gray (1973) reported a decrease to 0.2.
Detailed measurements of the snow albedo have been made within the city of Luleà. Observations were made in a 7.4 ha park (the Museum park), which is sparsely covered with deciduous trees, and in a small park which is mainly a lawn extending over 0.65 ha. The albedo was determined as the ratio between reflected and incident shortwave radiation (0.2-4 mm). A Kipp pyranometer, which was moved from one position to another, was used for the measurements. Observations were made at many occasions between 09.00 and 16.00 h at different positions within the two areas. Incident and reflected shortwave radiation were continuously registered at a study plot in an urban environment 4 km away. The study plot has been described in detail by Westerstrom (1981) .
The snow albedo on the urban study plot was measured also prior to the beginning of the investigations of the areal distribution of the snow albedo. On I April 1980 the snow albedo was 0.70, a value which decreased to 0.60 on 3 April and was about 0.50 or slightly lower from 6 April. Some minor runoff was observed from the small park prior to the start of the measurements, but not from the big park and not from the study plot.
The daily means of the snow albedo values are given in Table 3 . The melt rate as determined from snow courses was about 10 mm day" 1 on 9 and II April and from 14-16 April about 20-25 mm day" In the city the albedo was about 0.2 in the small park and near streets. The albedo of the snow in the large park was almost as high as on the urban study plot when the measurements began, but decreased much faster. The difference in snow albedo in rural and urban environments seems to be about 0.2. This means that when the mean solar radiation is 200 W m 2 , the part of the daily melt which is produced by solar radiation is 10 mm higher in an urban environment than in a rural open field.
LONGWAVE RADIATION
The net longwave radiation at the snow surface is composed of the downward radiation emitted from the atmosphere and the back radiation from the snow surface. In a forest, some or all of the longwave atmospheric radiation is absorbed by trees, which in turn emit longwave atmospheric radiation which is absorbed by the snowpack. In a city, part of the sky is obscured by walls. Buildings gain longwave radiation and emit radiation at rates which are determined by their emissivities and temperatures.
Measurements of net all-wave radiation in built-up areas are rare. Xu & Buttle (1987) carried out measurements in the surroundings of small houses using pyrradiometers. As far as 8 m away from the house walls, the net radiation was in excess of that for open areas. The mean net radiative flux over a distance up to 8 m from a wall was about 1.5 times that in open areas. However, when the net radiative flux was small, the net flux near the buildings could be many times that in open areas.
In Luleâ, all-wave radiation was measured by a Siemen-Ersking pyrradiometer, which was moved around and remounted at every measuring occasion. Since shortwave radiation was measured separately, the longwave radiation could be determined. Reference meters were placed at a meteorological station 5 km from downtown Luleâ. It was found that two-storey houses influenced the net longwave radiation up to 10 m from the buildings. When the sky was clear, the longwave radiation input to the snowpack 2 m from a building could increase by 100 W m" 2 , which corresponds to an increased melt rate of 25 mm day" 1 . The longwave radiation is given in Table 4 as the excess value compared with the longwave radiation measured on a rural field (rural value subtracted from urban value). The mean increased net longwave radiation averaged over a 10 m distance from the buildings was about 10 W m" 2 , which corresponds to an increased melt of 2.6 mm day" 1 . The influence of buildings on net longwave radiation decreases considerably under cloudy skies when the atmospheric emissivity is high. The influence of the air temperature and the magnitude of the atmospheric longwave radiation on the increased input of longwave radiation to the snow surface near buildings was minor. 
TURBULENT FLUXES
The turbulent fluxes of sensible and latent heat depend on the wind speed, the stability of the air and on the air temperature. The atmospheric conditions are less uniform within a city than in an open rural field. Thus, the turbulent fluxes should be higher in a city than in outlying areas. This statement is appropriate for streets, which are cleared of snow, and for roofs, but not for yards and parks, which may be sheltered from the wind.
During the days when snowmelt was investigated in the downtown areas of Luleâ, wind, humidity and temperature profiles were measured at the study plot. Continuous registration was made of wind speed using three-cup anemometers, air temperature using thermothermistors and relative humidity using hygrometers at four levels between the snow surface and 3.5 m. The study plot is actually three 200 m 2 parallel plots of asphalted, gravelled and grassed surfaces. The profiles were measured at a position 20 m from two-storey buildings (on two sides). One-dimensional profiles from which sensible and latent heat flux can be evaluated exist only above snow cover on large open fields. Still, some conclusions can be drawn from the measured temperature and humidity profiles on the study plots. During hours when snowmelt took place in 1980, the air temperature decreased or was constant with height. The moisture in the air decreased with height. Thus, the sensible heat flux was minor and the humidity flux directed upwards. The absorbed radiative energy was consumed in the melting process and in the evaporation process.
Lysimeters have been used to determine the evaporation from snow cover near the study plot (Bengtsson, 1980) . A regression formula relating wind speed and air vapour pressure deficit above the snow cover at the study plot to evaporation was developed:
where: E = evaporation (mm day 1 ); W = wind speed (m s" 1 ); e s = saturated air vapour pressure (mb) of snow surface temperature; and e = air vapour pressure (mb) at 2 m.
Using equation (1) the evaporation during the days in April 1980 when snowmelt was investigated was determined to be in the range 0-0.9 mm day" 1 , which, since the ratio between the energy required for evaporation and for melting of a unit mass of snow is about 8.5, corresponds to a reduced daily melt of 0-8 mm compared with conditions of no evaporation. The sum of the daily melt-induced runoff from the asphalted plot and the latent heat flux corresponded closely to the net radiation during the part of the day when it was positive. Observed melt, assumed to correspond to the runoff from the asphalted plot, and measured net radiation are given in Table 5 . Also the energy required to the estimated snow evaporation, equation (1), is given. Both the latent heat and the radiation are expressed as mm of melt. Since, as is seen from Table 5 , the radiative energy flux balances the energy required for melt and evaporation, the sensible heat flux must be minor, which was indicated previously by the observed temperature profiles. 
MELT RATES
In 1980, snow courses were carried out in two parks in downtown Luleâ; in a suburban part of the city and in a research watershed outside the city. The reduction of the water equivalents of the snowpack on the four sites is shown in Fig. 1 . The snow melted away faster in the downtown part of the city than at the other sites. The highest daily melt in the small park was 28 mm, while the highest melt rate outside the city and also on the suburban study plot was 15-20 mm day" 1 . Observed melt rate in the small park and on the study plot, air temperature and absorbed solar radiation are given in Table 6 * absorbed solar radiation in the snow cover as corresponding daily melt; ** measured as runoff; *** estimated daily melt from snow courses.
It is difficult to relate the daily melt to air temperature and absorbed solar radiation. This is partly because water equivalents determined from daily snow courses do not give snowmelt with a resolution better than a mean value over a couple of days, because samples must be taken at new positions every time. The water equivalent of different snow samples taken at the same occasion in the park ranged over more than 10 mm. The mean areal value may be 5 mm different from the true value. Thus, the observed daily melt rates are correct within 10 mm day" 1 and the mean melt rate over 5 days correct within 2 mm day" 1 . Although the melt rates are grossly measured, it is clear that the melt, in particular that due to the absorbed shortwave radiation, is more intense in the city than in urban and rural environments. From the radiation balance studies reported in previous sections, it seems that the increased absorbed shortwave radiation often contributes to an increased melt of about 10 mm day" 1 in densely developed environments as compared with rural environments, and that the absorbed longwave radiation increases near buildings so that the melt rate increases by another 2 mm day" 1 . It should be mentioned that the highest observed melt rate in different environments in Luleâ in the period [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] was at an open field outside the city in May 1978 after the snow had disappeared in the city. The daily melt was 40 mm. The incident shortwave radiation was higher than that possible in April.
RUNOFF
Meltwater which reaches the bottom of the snowpack may exclusively infiltrate the soil resulting in no overland flow at all, (Hendrie & Price, 1979) , or be distributed between infiltration and overland flow along the base of the snowpack. Extreme conditions resulting in the runoff of all meltwater as overland flow were described by Price et al. (1976) . Bengtsson (1982) found for grassed fields on silty soils in rural areas near Luleâ that all the first meltwater, which, depending on soil moisture prior to freezing of the soil in the autumn, could be as much as 50-100 mm, infiltrated the soil. In the last phase of the melt period almost all meltwater contributed to overland flow. His results were confirmed by Engelmark (1984) , who simulated and measured infiltration in the frozen soil. In the late stage of melt only 7 mm of a total of 37 mm meltwater infiltrated grass-covered silty soil.
Soils in urban areas are compacted, which reduces the infiltration capacity of the soils. Snowmelt induced runoff has been studied in Luleâ at the study plots of different surface character. The changing character of infiltration conditions in the course of prolonged snowmelt is illustrated in Fig. 2 . No surface runoff occurred from a grassed surface plot during early melt, but in the late phase of the melt period the runoff from the grassed plot almost equalled that from the asphalted plot. The infiltration capacity was reduced to 3 mm day" 1 while the melt rate was 15 mm day" 1 .
Fig. 2 Weekly means of snowmelt (bars from bottom to top) and infiltration (difference between runoff from asphalt and grass) at a grassed study plot (shadowed part of bars), Luleâ 1981.
In 1980, surface runoff was continuously measured from the gravelled and the asphalted 200 m 2 study plots. The plots were surrounded by low strips so that meltwater could run off the plots only to downstream flumes from where the water ran into large vertical pipes in which weirs were installed. Overland flow was also measured from the small city park. The ground in the park is sloping so that in principal all overland flow runs toward one single storm water inlet of manhole dimension. The park area is 70% lawns and vegetation and 30% gravelled surfaces. The snow is always removed from about 20% of the park area. The runoff was measured with a weir placed in the inlet. The water level at the weir was determined by visual observations at regular intervals from morning until evening. The meltwater leaving the park as overland flow first has to move along the base of the snowpack mostly above grass and then on the gravelled surface toward the measuring point. Water may infiltrate the grassed surface or infiltrate the gravelled surface. No means were taken to divert water toward the storm water inlet, which means that some minor overland flow water never reached the inlet. Since the flow over the weir was not continuously monitored, daily flows could be determined only approximately. The observed runoff from the two study plots and from the park is given in Fig. 3 . Snow conditions in and runoff from a part of the urban residential area of Porsôn (13.1 ha) in Luleâ was studied in 1983 and 1984. The development consists of one-family houses. The soil is 0.5-1.5 m glacial till on granite. The area of impervious surfaces is 3.9 ha (30%). There is a separate storm water drainage system, which ends in a single pipe outlet, where the flow over a weir was continuously measured. Extreme runoff data are presented in Table 7 . Daily melt was determined from energy balance computation updated through snow courses. The computations were based on measured net radiation, air temperature, humidity and wind speed. Detailed daily data from 1983 including runoff and melt are given in Fig. 4 . It is seen that an increasing fraction of the daily meltwater reached the basin outlet: 0.35 on 20 April; 0.8 on 23 April; and 1.0 on 25 April. On the day that the snow disappeared, the runoff exceeded the snowmelt. The flow at the basin outlet continued for two weeks, but already from 28 April it was less than 0.5 mm day" 1 . The daily runoff was highly related to the daily snowmelt and not to soil water storage.
A comparison of observed maximum daily runoff from different basins in Luleâ is made in ) are almost the same. The soils are either heavily compacted so that much melt water runs off as overland flow immediately from the beginning of melt, or, on grassed surfaces which in Luleâ are on soils with large fractions of silt, when in the late phase of the melt period infiltrated meltwater has filled the cracks in the frozen soil, the infiltration rate becomes low and overland flow takes place. 
CONCLUSIONS
The snow albedo reduces faster in urban areas than outside a city, which means that the snowmelt begins earlier and proceeds at a higher rate in the city. In Luleà, the increased net radiation corresponds to an increased daily melt of about 10 mm. In rural environments, snowmelt continues after the snow has disappeared from the city. Since the solar radiation is higher later in the season, the highest melt rate in the city during a melt period is not, however, necessarily higher than the peak melt rate in the countryside. In the late phase of a snowmelt period, most urban surfaces have reduced infiltration capacity and overland flow can take place from grassed and gravelled surfaces at a rate almost as intense as from asphalted surfaces. The snowmelt-induced specific runoff intensity is low compared with when runoff is produced by convective rain storms, but the duration of runoff is long and a large fraction of the basin contributes to runoff. Therefore, snowmelt conditions must be considered when different technical means, e.g. retention basins, are used to retard the stormwater runoff within an urban basin. Most impervious surfaces usually contributing to stormwater runoff are free from snow during snowmelt. When rain falls during the late phase of snowmelt, runoff may take place from the entire area of a basin. Even if the rain intensity is much lower than for convective summer storms, rain on snow may be the design situation in the lower parts of large drainage systems.
